This paper was an attempt to investigate, through numerical simulation, the designs of DEP flow sorters when applied with different ratios of the electrodes to generate different electrical fields, and to explore the sorting capability of the flow sorters, defined as the degree of particle deflection, under different operation of parameters.
INTRODUCTION
Sorting cells of interest from mixtures of various kinds of cells for cellomics studies is often required in many researches and medical diagnostic applications. It has been widely acknowledged that the effective sorting in many micro-fluidic and Lab-On-A-Chip devices provided many advantages over the conventional fluorescent activated cell sorting (FACS) [1] , such as low consumption of samples without sacrificing sensitivity, closed system reducing the potential biohazard risks and preventing cross-contamination, and feasibility of making portable and disposable devices [2] . Over the years, the scientists have developed many particle and cell handling microfluidic devices. For example, there are micro-fabricated fluorescence-activated cell sorting (µFACS) [3, 4] , magnetic-activated cell separation (µMACS) [4] , automated single-cell sorting using dual-beam optical trapping [5] , optoelectronic tweezers for particle manipulation [6] , and micro-fabricated flow switch for sample injection and cell/particle sorting [7, 8] .
Micro-fabricated flow switch devices employ the laminar behavior in micro flow channels. These devices have two-dimensional structures with two sheath buffer inlets and one sample inlet located in the middle [7] . The sample flow is controlled by the flow ratio of the right and left buffers. A multi-outlet flow switch was also demonstrated by the similar principle [8] . Air-liquid two-phase [9] and three-dimensional sheath flow type [10] micro-channels were also reported. These types of flow switches require the control of sheath flows realized by abruptly changing pumping pressure, however, fast and precise control can be difficult sometimes. A cell sorter using laminar sheath flow and electrostatic force was reported [11, 12] .
In this paper, an on-chip sorting for particle handling using dielectrophoresis (DEP) is studied. The DEP sorting approach is particularly suitable for operating at the micrometer scale and allows the analyzing and discrimination of cells of interest. Due to differences in their complex dielectric properties and dimensions, DEP forces of different magnitudes acting on the cells can be obtained, thus deflected are the cells of interest along a pre-determined trajectory. This technique is also labelfree, i.e., an unique advantage that cells are unaltered during the measurement process. The instrument can easily discriminate sub-micrometer size differences in calibrated polystyrene particle diameters. Since there is no mechanical structures moved by an actuator, the flow in the DEP flow sorter is smooth and, meanwhile, without dead spaces. These features obtained in the design of this paper are, in fact, required by many micro-fluidic systems.
DESIGN OF CONTINUOUS DEP FLOW SORTER
Dielectrophoresis (DEP) refers to the forces induced upon a particle in the presence of a non-uniform electric field. A particle within an electric field forms an induced dipole, which will experience a force due to the field gradient [13] . The analytical expression of DEP force is given by [14] :
where E is the field strength, a is the particle diameter, ε m and ε p are the permittivities of the surrounding medium and the particle respectively, ε 0 is the vacuum permittivity, σ m and σ p are the conductivities of the surrounding medium and the particle respectively, and ω is the angular frequency of the applied electric field.
The direction of the induced dielectrophoretic force depends upon the sign of the term Re [K * (ω)]. It can presume any value between 1 to -1/2, depending on the operating frequency of the electric field and permittivity and conductivity of the particle and the surrounding medium. If Re [K * (ω)] > 0, it is called positive DEP. The positive DEP forces result in particle attraction to the maximum of electric field gradient. In contrast, the negative DEP (Re [K * (ω)] < 0) causes particles to be repelled from the maximum of electric field gradient. Figure 1 shows the schematic diagram of the DEP flow sorter. The unique features of DEP flow sorter can be divided into three sections from upstream to downstream: (i) hydrodynamic focusing section; (ii) sorting channel section; and (iii) collecting channel section. Hydrodynamic focusing section utilizes laminar flow behavior in micro channels. This section has two-dimensional structure with two sheath flows and one sample flow located in the middle. The sample fluid was constricted into a single particle stream by adjusting the velocity ratio between the sample and the The symbol y deflection denotes the transverse deflection distance of a particle (cell) at the exit of sorting channel section, as shown in Fig. 1 . As the particles (cells) go out the sorting channel section, they go into the collecting channel section. A divergent channel with multioutlet was designed in the collecting channel section to magnify the particle deflection distance.
SIMULATION
In this study, numerical simulation was performed with the CFD-ACE + software (CFD Research Corporation, Huntsville Alabama), a multi-physics package. The mesh-independent test runs were made within the range between 4428 and 11154 cells. Although operated in the laminar flow regime, a rather fine mesh was needed to account for the detailed features of the sorting mechanism.
The mechanisms of hydrodynamic focusing and DEP sorting of particles (cells) were included in the numerical simulation. Calibrated polystyrene particles are used in simulation to validate the system. Various parameters including electrode aspect ratios, applying voltages, and average flow velocities are studied to investigate their relationships with system sensitivity. The properties of the polystyrene particle and surrounding medium are listed in Table 1 . The trajectory of the particle positions within the inhomogeneous electric field of the sorting channel section is of particular interest. The transverse deflection distance y deflection at the exit of sorting channel section will be used to characterize the performance of the DEP flow sorters.
RESULTS AND DISCUSSION
As a particle moves within the DEP flow sorter, it deflected laterally in y direction. There exist two forces acting on it. One is the DEP force dep F , shown For the limits of low Reynolds numbers, the analytical expression of Stokes' drag in y-direction is given by the Stokes' formula [15] [ ] 3π µ
where a is the diameter of the sphere particle, µ is the viscosity of fluid and v the velocity of particle in y-direction. By substituting Eq. (4) into Eq. (3), one can rewrite
where τ v is the momentum response time of particles. One important parameter, called the stoke number, in fluid-particle flows is defined as
where τ F the characteristic time scale of the flow filed. 
Since the stoke number is much less than 1 in the current micro sorter, the unsteady term in Eq. (7) can be neglected. Equation (7) can be further simplified as
Therefore, DEP force equals to stokes drag within the sorting channel section. The particles reach their terminal speeds in such a short time that the flow filed can be regarded as quasi-steady flow for the particles. The stoke formula in Eq. (4) can be used in the current micro sorter case. Since both DEP force and Stokes' drag are functions of particle position, there is no analytical solution for the current DEP flow sorter system. The multi-physics simulation helps in the design of the DEP flow sorters. As shown in Eq. (1), DEP force is proportional to the gradient of the square of the applied electric field. A highly non-uniform electric field is desired to achieve a higher sorting force. The length (L) and width (d) of sorting channel section are 350µm and 90µm in the simulation model respectively. For the electrode design studies, a pair of electrodes with different aspect ratios Γ under finite sorting channel dimension constraints were investigated. The longer electrode has a fixed length L (= 350µm), i.e., x/L = 0 to x/L = 1 at y/(d/2) = 1 in the sorting channel section (Fig. 1) . The shorter electrode length varies with different aspect ra-
Figures 2(a) and 2(b) illustrate the non-dimensional (y/(d/2)) and normalized trajectory (y/y deflection ) of a diameter a = 3µm polystyrene particle within DEP flow sorters. The DEP forces are generated by applying 1MHz AC signal with V = 5.0 volt (V is voltage of the AC signal) to a pair of electrodes with various aspect ratios from Γ = 1:2 to 1:9 when a parabolic velocity profile with average velocity U ave = 146µm/sec occurs at the entrance (x/L = 0) of sorting channel section. As shown in Fig. 2(a) , the polystyrene particle remains unaltered and moves along the centerline y = 0 between x/L = 0 and x/L = 0.2. The trajectory of the particle starts to deflect from the centerline around x/L = 0.2 ~ 0.4 for Γ from 1:2 to 1:9. The polystyrene particle is repelled from centerline y = 0 towards weak electric field regions near the longer electrode at y/(d/2) = 1. It suggests that the negative DEP occurs in the current numerical simulation.
It is also found that the characteristics of particle trajectory with respect to electrode aspect ratios Γ can be classified into two groups. For Group I particle trajectories, the electrode aspect ratio Γ is greater than or equals to 1:3. It can be observed as an example in Fig.  2(a) , for the particle trajectory when Γ = 1:2, in which the shorter electrode is located from x/L = 0.25 to x/L = 0.75 at y/(d/2) = −1. The features of Γ = 1:2 particle trajectory can be described in the following regions: (i) For 0 < x/L < 0.2, the particle trajectory remains unaltered and travels along the center line y = 0; (ii) For 0.2 < x/L < 0.4, the particle is subjected to the presence of a 6 < x/L < 0.8, the particle approaches the other end (x/L = 0.75) of the shorter electrode. It experiences strong DEP forces, which deflects the particle steeply again; (v) For 0.8 < x/L < 1.0, the particle moves out the highly non-uniform electric field regime. The trajectory becomes parallel to the flow. The transverse deflection of the particle reaches y deflection / (d/2) = 0.26 at the exit of sorting channel section. Group II trajectory represents the aspect ratios Γ between 1:3.5 and 1:9 and is more interesting in terms of the similar behavior between particle trajectories. The region (iii) in Group I trajectory is hardly distinguishable in Group II trajectory. Group II particle trajectories remain similar for Γ < 1:5 if the deflected distance y deflection at the exit of sorting channel is chosen to normalize the y-coordinate of the particle trajectories, as shown in Fig. 2(b) . The normalized trajectories for 1:5 < Γ < 1:3.5 do not exactly collapse into one curve. It suggests the electrode aspect ratio factor needs to take into consideration for x-coordinate normalization in these cases.
It is mentioned that a highly non-uniform electric field is desired to achieve a larger DEP force under finite sorting channel dimension constraints. It is typically generated by a variety of electrode configurations. Figure 3 shows the particle deflection distance (y deflection ) at the exit of sorting channel with respect to the electrode aspect ratio Γ. The results show that the particle deflection distance increases with Γ from 1:2 to 1:3, reaches its maximum at Γ = 1:3, and decreases as Γ from 1:3 to 1:9. It suggests the DEP flow sorter with an electrode aspect ratio Γ = 1:3 maximizes the transverse deflection of particles by generating the highest non-uniform electric field among all the present DEP flow sorter designs.
To achieve the best sorting sensitivity, three operation parameters of DEP flow sorters were investigated. The first is the magnitude of AC voltage V applied to the electrodes with a fixed electrode aspect ratio. Figure 4 plots the trajectory of a diameter a = 3µm polystyrene particle. The DEP forces are generated by applying 1MHz AC signal with voltage range of 5.0 ~ 10.0 volt to the electrodes with an aspect ratio fixed at Γ = 1:7 when flow condition at the entrance (x/L = 0) of the sorting channel section is a parabolic velocity profile with average velocity U ave = 146µm/sec.The particle trajectories in Fig. 4 show the increasing deflected distance at the exit of sorting channel with the increase of the AC voltages. The particle trajectories can be collapsed into one curve if the deflected distance is chosen to normalize the y-coordinate of particle trajectories, as shown in Fig. 5 . Figure 6 illustrates the transverse deflected distance y deflection at different applying AC voltages for various electrode aspect ratios Γ. Since the DEP force is proportional to the gradient of the square of applied electric field in Eq. (1), it is expected that the deflected distance will vary with AC voltage to a certain power m (~V m ). In Fig. 6 , a linear relationship between the maximum deflected distance y deflection and AC voltages V is found. The slopes of the linear relationship for different aspect ratios Γ can be described by using sensitivities S V . The sensitivities S V with respect to the AC voltage V is defined as: Figure 7 plots the sensitivity S v at different electrode aspect ratios Γ. The sensitivity S v increases to a maximum of 5.04µm/volt at Γ = 1:3 and drops linearly Fig. 3 Polystyrene particle deflection distance y deflection at different electrode aspect ratios Γ Fig. 4 The trajectory of a diameter 3µm polystyrene particle at different AC voltages V in the DEP flow sorter with electrode aspect ratio Γ = 1:7 and the average velocity U ave = 146µm/sec Fig. 5 The normalized trajectory of a diameter a = 3µm polystyrene particle with AC signal (1MHz) voltage V ranging from 5 to 10 volt, electrode aspect ratio Γ = 1:7 and average velocity U ave = 146µm/sec Fig. 6 The maximum deflected distance y deflection at different AC voltages V for various electrode aspect ratios Γ The second operation parameter studied in this paper is the average inlet velocity U ave at the entrance of the sorting channel. If the length L of the sorting channel section is divided by the average velocity U ave , it represents the resident time T ave of a particle staying inside of the sorting channel section. The shorter the resident time, the higher throughput the flow sorter is. Figure 8 plots the deflected distance of a diameter a = 3µm polystyrene particle with the average velocities ranging from U ave = 91µm/sec to U ave = 910µm/sec. The sorting is performed with fixed electrode aspect ratio at Γ = 1:3 and AC voltage V = 10 volt. Figure 8 demonstrates the maximum deflected distance increases nonlinearly as the resident time T ave increases.
The third parameter studied in this paper is the particle size a. Figure 9 shows the sorting processes of polystyrene particles with diameters from a = 1µm to a = 3µm. The sorting is performed with the average inlet velocity at U ave = 146µm/sec, electrode aspect ratio at Γ = 1:3 and AC voltage at V = 10 volt. As shown Fig. 8 The deflected distance of a diameter 3µm polystyrene particle with various average resident time T ave (corresponding to U ave = 91 ~ 910µm/sec) at Γ = 1:3 and 1MHz AC signal with voltage V = 10 volt Fig. 9 The sorting trajectory of polystyrene particle diameters ranging from a = 1µm to a = 3µm. The sorting is performed with average velocity at U ave = 146µm/sec, electrode aspect ratio at Γ = 1:3 and 1MHz AC signal at voltage V = 10 volt in Fig. 9 , the particles with different diameters start to deflect from the centerline around x/L = 0.3. They are deflected from centerline y = 0 to different transverse distances at the exit of sorting channel section according to their diameters. A linear relationship between the deflected distance and particle diameter a has been found in Fig. 10 . In addition to the deflection distance, sensitivity of DEP flow sorter can be defined as the absolute value of (and change in) output, which is the particle deflection distance y deflection , relative to the absolute value of (and change in) input, which will be the particle diameter a for the current studies. The sensitivities Sa with respect to the particle diameter a are defined as: 
One can find the sensitivity S a equals to 14.2µm/µm in Fig. 10 . One the other hand, the gap (channel width) between the electrodes also plays an important role in the design. Figure 11 show the transverse deflection distance of polystyrene particles at different gaps d for a fixed d/L = 90/350 ratio case. The sorting is performed with average velocity at U ave = 146µm/sec, electrode aspect ratio at Γ = 1:3 and 1MHz AC signal at voltage V = 10 volt. In Fig. 11 , the transverse deflection distance at different gaps is found to vary as
The following arguments are used to explain the scaling law between the transverse deflection distance and the electrode gap. First, the transverse deflection distance could be estimated by multiplying y-direction velocity v and resident time T ave . By using Eq. (8) 
For a fixed d/L ratio case in Fig. 11 , the transverse deflection distance can be scaled as deflection ave dep ave
The scaling law in Eq. (13) is found to be the same as Eq. (11) . Therefore, one can calculate the transverse deflection distance at different gaps by using the scaling law in Eq. (13) .
Finally, the whole DEP flow sorter is simulated at the average velocity U ave = 146µm/sec, electrode aspect ratio Γ = 1:3 and AC voltage V = 10 volt. The results are illustrated in Fig. 12 . Polystyrene particles with diameters from a = 1µm to a = 3µm are sorted in the simulation. The particles are first focused into a single particle stream by two sheath flows in the hydrodynamic focusing section. They enter the sorting channel section along y = 0 centerline and deflect to different transverse positions according to their diameters at the exit of the sorting channel section. The sensitivity S a for the sorting channel section of DEP flow sorter system for this case is 14.2µm/µm. As the particles go out from the sorting channel section, they enter into the collecting channel section. The 1:5 divergent channel in collecting channel section serves as an amplifier that magnifies separation distance for each micrometer difference in diameter.
CONCLUSION
Dielectrophoretic (DEP) flow sorters for continuously selecting particles (cells) of interest from a mixture of many samples were designed and simulated numerically. This research studied the transverse displacements of the hydrodynamically pre-focused particles within a DEP flow sorter. A pair of electrodes with different lengths were used in the micro flow sorters, which directly generate the transverse DEP forces to deflect the particles from the center focusing line. Simulations were performed using the CFD−ACE+ software. The mechanisms of hydrodynamic focusing and DEP sorting were employed in the numerical simulation. The optimal electrode design of DEP flow sorters are explored in this study. Among all the present DEP flow sorter designs, the DEP flow sorter with an electrode aspect ratio 1:3 maximizes the transverse displacement of particles. Furthermore, the DEP flow sorters have been investigated for their capabilities under different operation parameters, including applying voltages and average velocities. It is demonstrated that the present DEP flow sorter is a linear sorting system with respect to applying AC voltage V and particle diameter a. The DEP flow sorter can successfully discriminate the sub-micrometer diameter differences by using calibrated polystyrene particles. 
